
PCX 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
ImBnuuiooal Buresu 





INTHlNA-nONAL APPLICATION PUBLISHED UNDER THE PATENT CCX)PERATION TREATY (PCT) 



(21WntenuitionaJ AppUcatioo Number: PCr/US97/06554 
5(22) IntemaUonal Filing Date: 18 April 1997 (18.04.97) 



(Sl^^IntenuiUonal P&tcnt Classflcatkni ^ : 
"ShOIG 7A)2» H04R 3im 

^ 



Al 



(11) International Publication Nambcr: WO 97/39464 

(43) International Publication Date: 23 October 1997 (23. 10.97) 



(30) Priority Data: 

60/016.056 



18 April 1996 (18.04.96) 



US 



(71) Applicant: CALIFORNIA INSTmiTE OF TECHNOLOGY 

[US/US]; 1201 East California Boulevanl. Pasadena. CA 
91125 (US). 

(72) Invoitors: TAI, Yu-Chong; Califomia Institute of Technol- 

ogy. Electrical Engineering, 136-93, Pasadena, CA 91125 
(US). HSU, Tseng- Yang; California Institute of Technol- 
ogy, Electrical Engineering, 136-93, Pasadena, CA 91125 
(US). HSIEH. Wen, H.; California lastituie of Technology, 
Electrical Engineering. 136-93. Pasadena. CA 91125 (US). 

(74) Agent: HARRIS, Scott, C; Fish & Richardson P.C., Suite 
1400. 4225 Executive Square. La Jolla. CA 92037 (US). 



(81) Designated States: AL. AM, AT. AU, AZ. BA, BE, EG. BR, 
BY. CA. CH. CN, CU. CZ. DE. DK, EE. ES, Fl. CB. CE. 
HU, m IS, JP, KE. KG. KP, KR. KZ. LC. LK. LR. LS, 
LT, LU, LV, MD. MG. MK. MN. MW. MX. NO. NZ. PL, 
PT, RO, RU, SD, SE SG. SI, SK. TJ. TM. TR. TT. UA, 
UG. UZ. VN. ARIPO patent (GH, KE, LS. MW, SD. SZ. 
UG). Eurasian patent (AM, AZ. BY. KG. KZ. MD. RU, TJ, 
TM), European patent (AT. BE, CH, DE, DK. ES, FI, FR. 
GB. (3R, IE, rr, LU, MC. NL, PT, SE), OAPI patent (BF, 
BJ, CF, CG, CI, CM, GA. GN. ML. MR. NE, SN, TD, TG). 



Pubt^ied 

With intematianal search report. 

Before the expiration the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Title: THIN FILM ELECTRET MICROPHONE 
(57) Abstract 



A nnethod of making 
an electrct microphone 
comprising juxtaposing 
a microphone membrane 
unit (30) and a microphone 
back plate (32X at least 
one of which includes a 
micro-machined elecmet 
layer (6) formed on a suppoit 
structure, thereby producing 
a highly reliable, inexpensive 
microphone. Thermal 
annealing is used to stabilize 
the implanted charge. 




FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing intematioaal applications under the PCT. 



AL 


Altnaia 


ES 


Spaa 


AM 


Afmeata 


FI 


Hntand 


AT 


AtaaiM 


FS 




AU 


Auitnlia 


GA 


OaboD 


AZ 


Axeibttijia 


CB 


Uaked Klivtei 


BA 


BosoU nd Kazcsovitta 


GE 




BB 


DBuauin 


GH 


GlHU 


BE 


BelghM) 


GN 


OoineB 


BF 


Burkfau Fttd 


GB 


Greece 


BG 


BulgarU 


Hli 


Hwigaiy 


BJ 


Benin 


IS 


Ireland 


BR 


BruU 


IL 


Unci 


BY 


Belsttt 


IS 


Iceland 


CA 


Canadi 


IT 


Italy 


CF 


Court) Africaa RepsbSc 


JP 




CO 


Congo 


KE 


Kcnjra 


CH 


Switzcrtand 


KG 




CI 


Ctte dMvoire 


KP 


Democmk Ftople'a 


CM 


CVOCRXM 




Republic of Korea 


CN 


ChBUk 


KB 


Republic of Korea 


CU 


Cuba 


KZ 


KaakftaD 


CZ 


Czech Republic 


hC 


Sakit Lucia 


DS 


Ccnatny 


U 


Uechtentieto 


DK 


Denmarit 


LK 


Sril.anka 


EB 


Estonia 


LR 


Liberia 



LS 
LT 

tu 

LV 
MC 
MD 
MC 
MK 

ML 

MN 

MR 

MW 

MX 

NE 

NL 

NO 

NZ 

PL 

PT 

RO 

RU 

SD 

SR 

SG 



Lttxeinbom 
Utfvia 



Repoktic oT Moldova 



The fanner Yo^oalav 
Repttblk of Macedonia 
Mali 

MoBfolia 

Mauritaata 

MaUwi 

Meaico 

Htser 

Netherlmdi 

Ncnray 

NewZeabnd 

Poland 

Portugal 



RouiaD Hederatioo 
Sudan 
Sweden 
Singapore 



SI 


SbvenU 


SK 


Slovakia 


SN 


Scoegtl 


sz 


Swaailaad 


TD 


CM 


TG 


Togo 


TJ 




TM 


IXHtaneniiun 


TR 


TVrtey 


TT 


lYinidad and Tobcso 


UA 


Uknine 


UG 


Uganda 


US 


Uolted Slates of America 


uz 


Uzbekbtan 


vw 


Viei Nam 


Yt 


Yugostavia 


ZW 


Zimbabwe 



wo 97/39464 



-1- 



PCTAJS97/06554 



THIN nLM ELECTRET MICROPHONE 

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH 

The U.S. Government has certain rights in this invention pursuant to Grant No. ECS- 
9157844 awarded by the National Science Foundation. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

This invention relates to electret microphones, and more particularly to miniature electret 
microphones and methods for manufacturing miniature electret microphones. 

2. Description of Related Art 

An electret is a dielectric that produces a permanent external electric field which results 
from permanent ordering of molecular dipoles or from stable uncompensated surface or 
space charge. Electrets have been the subject of study for their charge storage characteris- 
tics as well as for their application in a wide variety of devices such as acoustic 
transducers (including, for exantple, hearing aids), electrographic devices, and photocopy 
machines. 

A number of electret microphone designs exist However, small, high quality electret 
microphones tend to be quite expensive. Therefore, a need exists for small, high quality, 
inexpensive electrets, particularly electret microphones. The present invention meets these 
needs. 
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SUMMARY OF THE INVENTION 

The present invention uses micro-machining technology to fabricate a small, inexpensive, 
high qxiality electret on a support surface, and further uses micro-machining technology 
to fabricate a small, inexpensive, high quality, self-powered electret sound transducer, 
5 preferably in the form of a microphone. Each microphone is manufactured as a two-piece 
unit, comprising a microphone membrane unit and a microphone back plate, at least one 
of which includes an electret formed by micro-machining technology. When juxtaposed, 
the two units form a highly reliable, inexpensive microphone that can produce a signal 
without the need for extemal biasing, thereby reducing system volume and complexity. 

10 In the preferred embodiment, the electret material used is a thin film of spin-on polytctra- 
fluoroethylene (PTFE). An electron gun preferably is used for charge implantation. The 
electret has a saturated charged density in the range of about 2^ IQr^ C/m^ to about 8>< 10^ 
C/m^. Thermal aimealing is used to stabilize the implanted charge. 

Two prototype micro-machined electret microphones have been fiabricated and tested. An 
13 open circuit sensitivity of about 0.5 mV/Pa has been achieved for a hybrid microphone 
package. 

The details of the prefened embodiment of the present invention are set forth in the 
accompanying drawings and the description below. Once the details of the invention are 
known, numerous additional iimovations and changes will become obvious to one skilled 
20 in the ait 



wo 97/39464 



-3- 



PCTAJS97/0d554 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE I A is a process flow chart for the electret microphone of a first embodiment of 
the present invention, showing fabrication stages for the microphone membrane. 

FIGURE IB is a process flow chart for the electret microphone of a first embodiment of 
5 the present invention, showing fabrication stages for the microphone back plate. 

FIGURE 2A is a plan view of the completed microphone membrane of FIGURE 1 A. 

FIGURE 23 is a plan view of the completed microphone back plate of FIGURE IB. 

FIGURE 2C is a closeup view of a section of the completed microphone back plate of 
nGURE2B. 

10 FIGURE 3 is a cross-sectional view of the completed hybrid electret microphone of a first 
embodiment of the present invciition. 

FIGURE 4 is a process flow chart for the electret microphone of a second embodiment 
of the present mventioo, showing fabrication st^es for the microphone back plate. 

FIGURE 5 is a diagram of a prefared back-light thyratron charge implantation syirtem 
15 for make electret film in accordance with the present invention. 

Like reference numbm and designations in the various drawings indicate like elements. 
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DETAILED DESCMPTION OF THE INVENTION 

Throughout this description, the preferred embodiment and examples shown should be 
considered as exemplars, rather than as limiutions on the present invention. 

Overview 

5 In accordance with the invention, miniature (eg., 3.5 mm ^ 3.5 mm) electret microphones 
are manufactured as a two-piece unit comprising a microphone membrane unit and a 
microphone back plate, at least one of which has an electret formed by micro-machining 
technology. When juxtaposed, the two units fomi a microphone that can produce a signal 
without the need for external biasing. However, the invention includes fonning an electret 

10 on a support surface for other desired uses. 

In the preferred embodiment, the electret material used is a thin film of a spin-on foxm of 
polytetrafluoroethylene (PTFE). An electron gun, known as a pseudo-spark device, is 
used for charge implantation. 

. To demonstrate the self-powering capability of a Micro Electro-Mechanical Systems 
15 (MEMS) compatible electret device, two different prototype micro-machined electret 
microphones have been fabricated and tested Prototype A used a silicon back plate, and 
the prototype B used a glass back plate. Both microphones use the same diaphragm 
(membrane) chip. In these examples, the electret has a samrated charged density Tn the 
range of about 2^10^^ C/m* to about S^IO* Ow?. An open circuit sensitivity of about 0.5 
20 mV/Pa has been achieved for a hybrid microphone package. 

Electret Microphone A 

FIGURE 1 A is a process flow chart for the electret microphone of a first embodiment of 
the present invention, showing fabrication stages for the microphone membrane, FIGURE 
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2 A is a plan view of the completed microphone membrane of FIGURE lA. The 
fabrication process for electret microphone A involves the following steps: 

1 ) Fabrication of the microphone membrane begins with a silicon substrate 1 coated 
with about 1 ixm thick, low stress, low pressure chemical vapor deposition 

5 (LPCVD) silicon nitride acting as a membrane layer 2. Other electrically 

insulating or semiconducting glass, ceramic, crystalline, or polycrystalline 
materials can be used as the substrate material. For example, the substrate material 
may be glass (sec, e^., Electret Microphone #2 below), quartz, sapphire, ere, all 
of which can be etched in many known ways. Other membrane layer materials 

0 (such as silicon dioxide) capable of being fabricated in a thin layer can be used, 

formed or deposited in various known ways. 

2) The silicon nitride on the back side of the substrate 1 is then masked with 
photoresist, patterned, and etched (e.g., with SFj plasma) in conventional fashion 
to form a back-etch window. The substrate 1 is then anisotropically back-etched 

(5 to form a free-standing diaphragm 3 (about 3.5 mm ^ 3.5 mm in the illustrated 

embodiment). The etchant may be, for exaniple, potassium hydroxide (KOH), 
ethylene diamine pyrocatccol (EDP), or tetramethyl ammonium hydroxide 
(TMAH). 

3) A membrane electrode 4 is then deposited on the front side of the diaphragm 3, 
20 preferably by evaporation of about a 2000A thick layer of Cr/Au through a 

photoresist or physical mask. Other conductors may be used, such as aluminum 
or copper, and deposited in other fashions. 

4) A dielectric film S is then spun on to a thickness of about 1 pan. The dielectric 
film 5 preferably conq>rises PTFE, most preferably Teflon® AF 160 IS, a brand 

25 of Du Pont fluoropolymer. This material was chosen because it is available in 
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liquid form at room temperature, thiis making it suitable for spin-on applications. 
This material also forafis an extremely thin film (down to submicron thicknesses) 
which allows for an increase in the mechanical sensitivity of the microphone 
membrane, and it has excellent charge storage characteristics, good chemical 
resistance, low water absorption, and high temperature stability. However, other 
dielectric materials could be used, such as Mylar, FEP, other PTFE fluoropoly- 
mers, silicones, or Parylcnc. 

In the prototype, a Teflon® AF dielectric film was prepared by spiiming at about 
2 krpm and baking at about ISO^'C for about 3 hours. ^\^th one application of 
liquid Teflon® AF followed by spiiming, the resulting dielectric film was about 
1 Mm thick with a surfece roughness of less than about 2000 A across the substrate 
(microphone A). With two consecutive applications of liquid Teflon® AF, the 
resulting dielectric film was about 1.2 Atm thick (microphone B). For time spans 
longer than usual processing times, the adhesion of the Teflon® film to different 
material surfaces (e.g., silicon, silicon dioxide, silicon nitride, copper, gold, 
chrome, eta) is satisfactory in the presence of chemicals (e.g., water, photoresist 
developers, acetone, alcohol, HF, BHF, etc.) frequently used in MEMS fabrica- 
tion. If desired, the fibn 5 can be patterned with, for example, oxygen plasma 
using a physical or photoresist mask. 

Lastly, an electret 6 is formed by implanting electrons of about 10 keV energy 
into the dielectric film 5, preferably using a pseudo-spark electron gun. The 
electret 6 was then axmealed in air at about lOO^C for about 3 hours to stabilize 
the charge. 

The pseudo-spark election gun, described below, is preferred because it operates 
at room temperature, the electron beam energy can be easily varied from about 5 
keV to about 30 keV, the beam size is large (about several millimeters in 
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diameter), it can deliver high electron doses (la' to 10"* C), it has high through- 
put, and is low cost. However, other electron implantation methods may be used, 
such as a scanning electron beam, field emission electrode plate, corona charging, 
liquid contact, or themaal charging. 

FIGURE IB is a process flow chart for electret microphone A, showing fabrication stages 
for the microphone back plate. FIGURE 2B is a plan view of the completed microphone 
back plate of FIGURE IB. FIGURE 2C is a closeup view of a section of the completed 
microphone back plate of FIGURE 2B. The fabrication process involves the following 
steps: 

1) The back plate electrode is fabricated starting with a silicon substrate 10 coated 
with an electrically insulating layer 1 1, preferably comprising about 3 A^m of 
themial oxide. Both sides of the substrate 10 arc shown coated wifli the insulating 
layer 11, but only one side (the side containing the electrode) need be coated. 
Other materials, such as silicon nitride, may be used for the electrical insulating 
layer 11. Other electrically insulating or semiconducting glass, ceramic, 
crystalline, or polycrystalline materials can be used as the substrate 10 material. 

2) Portions of the insulating layer 1 1 arc masked and etched to the substrate 10 to 
form an etching window. The exposed substrate 10 is then etched through the 
etching window to forai a recess 12. In the preferred embodiment, a timed XOH 
etch is used to create an ^proximately 3 recess 12 in the substrate 10. The 
window and recess 12 form the air gap of the capacitive electret microphone. 



3) 



An electrically insulating layer 13 is then grown, filling the recess 12. The 
insulating layer 13 preferably comprises about 3 of thermal oxide. 
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The insulating layer 13 is then patterned to form an array of cavities 14 for 
reducing air streaming resistance during microphone operation. In the preferred 
embodiment, the cavity array is 40^40, and is formed by anisotropic etching (e.g., 
by KOH) followed by isotropic etching {e.g., by hydrofluoric acid + nitric acid+ 
acetic acid) through the patterned insulating layer 13. In the illustrated embodi- 
ment, each cavity has about a 30 diameter opening, and comprises a half- 
dome shaped hole about 80 in diameter and about SO fim deep. 

5) Lastly, a back plate electrode 15 is deposited on part of the insulating layer 13, 
preferably by evaporation of about a 2000A thick layer of Cr/Au through a 
physical mask. Other conductors may be used, such as aluminum or copper, and 
deposited in other fashions, such as thick film printing. 

For elcctret microphone A, the fundamental resonant frequency of the microphone 
membrane with a Ct/Au membrane electrode 4 and a Teflon electret film 6 was measured 
using a laser Dopplcr vibrometer. The fundamental resonant frequency was found to be 
around 38 kHz. 

FIGURE 3 is a cross-sectional view of the completed hybrid electret microphone A The 
microphone membrane 30 and back plate 32 are shown juxtaposed such that the electret 
6 is positioned proximately parallel to but spaced from the back plate electrode 15 by 
a gap 34 The microphone membrane 30 and back plate 32 may be mechanically claihped 
together, or bonded adh^ivcly, chemically, or thermally. If desired, the completed 
microphone may be enclosed in an conductive structure to provide electromagnetic (EM) 
shielding. If the microphone membrane 30 and back plate 32 are hermetically sealed 
together in a vacuum chamber, the cavities 14 and the steps required for their formation 
may be omitted, since air streaming resistance would not pose a problem. Otherwise, a 
static pressure compensation hole 35 may be provided. 
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While the electret 6 is shown as being formed on the membrane 30, similar processing 
techniques can be used to form the electret 6 on the facing surface of the back plate 32, 
or on both the membrane 30 and the back plate 32. 

To reduce stray capacitance, the total electrode area was designed so that it only covered 
5 a fraction of the area of the microphone membrane 30 and back plate 32. In the 
experimental microphone A prototype, only 2^2 mm electrodes were used to cover the 
center part of a 3.5x3.5 nun diaphragm 3 and a 4^4 mm perforated back plate 32. The 
fraction of the back plate area occupied by the cavity openings was 0.07 in this prototype. 
The streaming resistance, R,, was calculated to be 0.03 Ns/m. The cut-off frequency 
10 = 13.57 o h/{2K R,} . where o = 100 MPa is the diaphragm 3 stress and A = I A*ni is the 
diaphragm 3 thickness) was calculated to be approximately 7.6 kHz. 

The theoretical capacitance of microphone A was 7 pF with a 4.5 ^ni air gap. a 1 //m 
thick Teflon electret 6, and an electrode area of 4 mm^ Using a Hewlett Packard 41 92 LF 
Impedance Analyzer, the measured capacitance of the completed microphone A package 
15 was about 30 pF. The discrepancy in capacitance values can be attributed to stray 
capacitance between the electrodes and silicon substrates and between the two clamped 
silicon substrate halves of the microphone. 

Microphone A was able to detect the sound from a loud human voice without the use of 
an amplifier. When Ae microphone was connected to an EG&G PARC model 113 Pre- 

20 amp (gain set at 1000) and was excited by a Bniel & Kjacr Type 4220 Pistonphone 
operating at 250 Hz and 123.9 dB (re. 20 ^Pa) amplitude, the oscilloscope displayed a 
250 Hz, 190 mV peak-to-peak amplitude signal. The estimated open-circuit sensitivity 
of the microphone A is 0.3 mV/Pa. The open-circuit sensitivity of the microphone can 
also be estimated by calculating the deflection of the electret di^hragm 3 and the output 

25 voltage due to a sound pressure. Assuming piston-like movement of the conducting area 
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of the diaphragm 3, calculations indicate that higher open-circuit sensitivities are 
achievable. 

Electret Microphone B 

To reduce the stray capacitance between the electrodes and substrates and between the 
two clamped silicon substrate halves of microphone A, a second electret microphone B 
was fabricated. Fabrication of the microphone B membrane is the same as for microphone 
A, but with a 1.2 thick electret layer implanted with 7 keV electrons. However, 
microphone B uses a glass back plate. FIGURE 4 is a process flow chart showing 
fabrication stages for the microphone B back plate. 

1 ) The back plate of microphone B is fabricated starting with a glass substrate 10a 
coated with a conductive layer 16 on one side, preferably about 2500 A of Cr/Au. 
Again other conductors could be used (although in the preferred embodiment, if 
buffered hydrofluoric acid is used in the last stage etch, certain metals, such as Al 
or Gu, should be avoided This limitation can be avoided by using other etching 
techniques). Further, the substrate lOa could be an electrically insulating ceramic, 
crystalline, or polycrystalline material. 

2) Portions of the conductive layer 16 were masked with patterned photoresist 1 7. 

3) The exposed portions of the conductive layer 16 were ±en etched to forih the 
patterned back plate electrode ISa. 

4) A spacer 1 8 was then formed, preferably by applying and patterning a photoresist 
layer about S thick. 

5) A cavity array 19 is then fomied in the glass substrate 10a, preferably using a 
timed buffered hydrofluoric acid (BHF) etch. These cavides serve to reduce the 
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air streaming resistance. In the illustrated embodiment, each cavity has about a 40 
pcm diameter opening and a half-dome shaped hole about 70 /zm in diameter and 
about 15 A^m deep. 

The electret microphone B was tested in a B&K Type 4232 anechoic lest chamber with 
built-in speaker and was calibrated against a B&K Type 4136 1/4 inch reference 
microphone. When microphone B was connected to an EG&G Model 1 13 Pre-amp and 
was excited by a sinusoidal input sound source, a clear undistorted sinusoidal output 
signal was observed. By applying a known input sound pressure level (SPL) from 200 Hz 
to 10 kHz, the frequency response of microphone B was obtained The open circuit 
sensitivity of microphone B was found to be on the order of 0.2 mV/Pa and the bandwidth 
is greater than 10 kHz. At 650 Hz, the lowest detectable sound pressure was 55 dB SPL 
(re. 20 AiPa). The open circuit distortion limit was found to be above 125 dB SPL, the 
maximum output of the speaker. This translates into a dynamic range that is greater than 
70 dB SPL. The performance characteristics of microphone B are comparable to other 
microphones of similar size, and preliminary calculations suggest potentially higher 
sensitivities and wider dynamic range are achievable. 

Packaging for microphone B was the same as for microphone A, as was the formation of 
limited area electrodes to reduce stray capacitance. The measured resonance frequency 
of the membrane was approximately 38 kHz. 

The theoretical capacitance of microphone A was 4.9 pF with a 5 Atm air gap, a L2 ;mi 
thick Teflon electret 6, and an electrode area of 3.14 mml Using a Hewlett Packard 4192 
LF Impedance Analyzer, the measured capacitance of the completed microphone B 
package was about 5.2 pF. The close agreement betwem theoretical capacitance value and 
the experimental value can be attributed to the glass substrate, which practically 
eliminates stray capacitance between the electrodes and substrate and between the two 
clamped halves of the microphone. 
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Pseudo-spark Electron Gun 

A pseudo-spark electron gun was used for electron implantation into the thin PTFE 
dielectric film. FIGURE 5 is a diagram of a preferred back-lighted thyratron (BUT) charge 
pseudo-spark electron gun for making clcctret films in accordance with the present 
invention. The BLT structure comprises two electrode plates 50, 52 with a hollow-back 
cathode 54 and a hollow-back anode 56. In the illustrated embodiment, the two electrodes 
50, 52 face each other and have a diameter of about 75 mm and a center aperture 58 of 
about 5 mm. The electrodes 50, 52 are separated by an insulating plate 60, such as 
plexiglass, quartz, ere, about 5 nun thick. The structure is filled with a low pressure gas, 
such as hydrogen or one of the noble gases, to a pressure of about 50 to about 500 mTorr, 
maintained by a vacuum chamber 62 coupled to a pump (not shown). A high voltage 
power supply 64 provides an electric bias potential between the electrodes 50, 52. 

The BLT device is triggered optically by an ultraviolet light pulse applied to the back of 
the cathode 54. That is, light from a UV source 66 (for example, a flashlamp) passes 
through a UV transparent window (eg., quartz) 68 into the back of the cathode 54. This 
initiates a pulsed electron beam 70 which is directed towards a thin fihn dielectric sample 
72. Integrating a dielectric coUimating tube 74 at the beam exit from the center aperture 
58 has the effect of coUimating and focusing the electron beam 72. 

In an alternative embodiment, the thyratron device of FIGURE 5 may be triggered with 
an electoical pulse applied to the cathode region 54. The electrical pulse generates 
electrons which initiate the electron beam 70. 

In one experimental setup, a BLT was constracted on top of a vacuum chamber 62 with 
a triggaing UV flashlamp 66 at a distance of about 2 cm away from the UV transparent 
(quartz) window 68. The cathode 54 was biased at a high negative potential for beam 
acceleration. The electron beam pulse 70 was directed to the sample 72 positioned about 
12 cm away from the beam exit from the center ^erture 58. With a divergent angle of 



WO<n/39464 PCT/US97y0d554 

-13- 

about 6**, the beam diameter was about 1 .75 cm at the sample surface. The bias potential 
was adjusted according to the desirable range of electrons in the dielectric sample 72. For 
microphone A, which has a silicon back plate and 1 ^ni thick Teflon film, the electron 
beam energy was set at 10 kcV, which gives an implantation depth of approximately 1 
fxm. For microphone B, which has a glass back plate and 1.2 ^m thick Teflon fihn. the 
electron beam energy was set at 7 keV, which gives an implantation depth of less than 
1 /^m. 

Charge Density Measurements 

To measure the charge density on the electrets, a setup consisting of a PZT stack and a 
micrometer controlled stationary electrode was constructed. To confine displacement in 
the 2-direction only, the PZT was integrated into a flexure hinge made of 304 stainless 
steel and machined by electrical discharge machining (EDM). The movable part of the 
flexure hinge weighed 30 g and had a spring constant of 1 .53 x 10* N/m. The PZT driver 
deforms 1 5 at 1 00 V and can be driven by a maximum voltage of 1 50 V. The linearity 
of the displacement of the PZT caused by hysteresis was 10%. The PZT was driven by 
a unit consisting of a periodic source and an amplifier. The amplifier was a class-B push- 
pull type amplifier specially designed for capacitive loads. An eddy-current sensor was 
integrated into the micrometer for monitoring and double checking dynamic and static 
displacements. A test sample was prepared using 1 .2^ 1 .2 cm siUcon die evaporated with 
about 2000 A of Ci/Au. A I ^m thick layer of Teflon AF 1601S was coated on the Au 
surface and then implanted with 10 keV electrons using the BLT described above at 420 
mTorr of helium. 

The electret san^le was fixed on top of the vibrating flexure hinge. The signal generated 
by induced charges on the stationary electrode due to the vibrating electret was then 
displayed on an oscilloscope. By applying a compensation potential, Uq, between the two 
electrodes, the net electric field in the air gap between the vibrating and stationary 
electrode can be reduced to zero. The signal generated by the induced charges thus 
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becomes zero. The effective surface charge density, p,f^ of the electret sample is then 
given by: 

where is the peraiitivity of air. c = 1 .9 is the relative peimitivity of the Teflon film, and 
5 r is the electret thickness. Depending on the number of electron pulses, the charge density 
of an electret sample ranged from about 2x10'^ C/m^ to about 8^10^ Om\ The maximum 
charge density obtained is comparable to what has been reported for Teflon films. 

It was found from experiment that at room temperature the electret initially undergoes a 
10-20% drop in total charge density a few hours after implantation, but then stabilizes 

1 0 afterward. Some samples were monitored at room twnperature over a period of six months 
and no detectable charge decay was observed. Samples have also been tested for charge 
decay at elevated tcmperamres in air. The charge density of a sample at 100** C dropped 
about 40% drop in the first 2 hours, due to the elevated temperature. However, even at 
100°C the charge stabilized after the initial drop to a rate which is not measurable within 

15 the time span of the experiment (16 hours). The same electret sample was then monitored 
for charge decay at I20**C. Again there was an initial drop in charge density, but the 
charge stabilized after a few hours. The same trend was observed for the same sample at 
140**C, and for a different sample at 130°C and 160*C. It was also discovered that at 
190*'C the electret tested lost more than 80% of its charge within a few hours. 

20 Using ttiese thcraial annealing data, a procedure was devised to stabilize the charge in an 
electret made in accordance with the invention by thermally annealing the electret in air 
at about 100**C for about 3 hours essentiaUy immediately after charge implantation. After 
thermal annealing, the result is a stable electret at room temperature. When one such 
theimally annealed electret sample was exposed to UV light (365 nm at 3.85 mW/Cm\ 

25 400 nm at 8.5 mW/cm^) for one hour, no charge decay was observed. 
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Although oaly short icnn data has been available so far, the charge decay data obtained 
at room and elevated temperatures and in the presence of UV light suggests that a stable 
electret can be formed using PTFE (particularly Teflon® AF) and the BLT. 

Summary 

5 The electret of the present invention can be used in any application were a conventional 
electret can be used. In particularly, the electret microphone of the present invention can 
be used in any application were a conventional electret microphone can be used. In 
addition, because of its extremely small size and self-powering characteristics, an electret 
microphone made in accordance with the invention can contribute to further miniaturiza- 

10 tion of devices such as portable telecommunications devices, hearing aids, eta Moreover, 
such an electret microphone can be used as a powered sound generator, allowing one or 
more of the units to be used, for example, in a hearing aid as a speaker. If multiple 
microphones are used, die frequency response of each can be tuned to desired values by 
changing the stifiBiess of the diaphragm 3 {eg., by changing its thickness or in-plane 

15 residual stress) or by changing the area of the diaphragm 3. 

Since the MEMS processes used in fabricating electrcts and electret microphones in 
accordance with the present invention are compatible with fabrication of integrated 
circuitry, such devices as amplifiers, signal processors, filters, A/D converters, etc., can 
be fabricated inexpensively as an integral part of the electret-based device. Further, the 
20 low cost of manufacture and the ability to make multiple microphones on a substrate 
wafer permits use of multiple microphones in one unit, for redundancy or to provide 
directional sound perception. 

The high charge density, thin film stable electret technology of the present invention can 
also be used in applications other than microphones, such as microspeakers, microgener- 
25 ators, micromotors, microvalves. and airfilters. 
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A number of embodiments of the present invention have been described. Nevertheless, 
it will be understood that various modifications may be made without departing from the 
spirit and scope of the invention. For example, other etchants, metals, mask and substrate 
materials, lithographic methods, etching techniques, etc., may be used in place of the 
specific materials and methods described above. Other dimensions for thicknesses, sizes, 
etc. can also be used to achieve desired performance or fabrication parameters. While 
square microphones are shown, other sh^es, such as round, hexagonal, or ellipsoid, can 
also be fabricated. Further, some specific steps may be performed in a different order to 
achieve similar structures. Accordingly, it is to be understood that the invention is not to 
be limited by the specific illustrated embodiment, but only by the scope of the appended 
claims. 
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CLAIMS 

What is claimed is: 

1 . A method of fabricating an electret by the step of forming, by micro-machining 
techniques, an electret layer on a support structure. 

2. The method of claim 1, further including the step of thermally annealing the 
electret layer to stabilize charge therem. 

3. The method of claim 2, wherein the step of themially annealing comprises heating 
the electret layer to about lOO^'C for about 3 hours. 

4. The method of claim U wherein the support structure is formed from an 
electrically insulating or semiconducting glass, ceramic, crystalline, or 
polyciystalline material 

5. The method of claim 1. wherein the support structure comprises a membrane 
fabricated to a thickness of about I /zm. 

6. The method of claim 1, wherein the electret layer is formed by the steps of: 

(a) applying a dielectric film on the support structure; 

(b) implanting electrons into the dielectric film. 

7. The method of claim 6, further including the step of implanting electrons into the 
dielectric film by means of a pseudo-spark electron gun. 

8. The method of claim 6, wherein the dielectric film is formed from one of Mylar, 
FEP, a PTFE fluoropolymer, Teflon® AF, a silicone, or Parylene. 
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Thc method of claim 1, wherein the electret has a saturated charged density finom 
about 2x 10*^ Om^ to about 8x10^ C/m^ 

1 0. A method of fabricating an electret sound transducer by the steps of: 

(a) forming, by micro-machining techniques, a transducer membrane having 
a first electrode; 

(b) fom:iing, by micro-machining techniques, a transducer back plate having 
a second electrode; 

(c) forming an electret layer on at least one of the transducer membrane or the 
transducer back plate; 

(d) positioning the transducer membrane adjacent to the transducer back plate 
to form an electret sound transducer 

11. The method of claim 10, further including the step of thermally annealing the 
electret layer to stabilize charge therein. 

12. The method of claim 11, wherein the step of thermally annealing comprises 
heating the electret layer to about lOO'C for about 3 hours. 

13. The method of claim 10, wherein the transducer membrane is formed on a support 
structure fiDimed from an electrically insulating or saniconducting glass, ceramic, 
crystalline, or polycrystalline material. 

14. The method of claim 10, wherein the transducer back plate is formed from an 
electrically insulating or semiconducting glass, ceramic, crystalline, or 
poiycrystallinc material. 
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The method of claim 10, wherein the transducer membrane is fabricated to a 
thickness of about 1 /xm- 



wo 97/3M64 



-19- 



PCT/US97/06554 



1 6. The method of claim 1 0, wherein the electret layer is formed by the steps of: 

(a) applying a dielectric film on at least one of the transducer membrane or 
the transducer back plate; 

(b) implanting electrons into the dielectric film. 

17. The method of claim 1 6. fiirthcr including the step of implanting electrons into the 
dielectric film by means of a thyratron. 

18. The method of claim 1 6, wherein the dielectric film is fomied finom one of Mylar. 
FEP, a PTFE fluoropolymer, Tefloni© AF. a silicone, or Parylene. 

1 9. The method of claim 10, wherein the electret has a saturated charged density from 
about 2x10"^ C/m* to about S^KT* C/m\ 

20. The method of claim 1 0, further including die step of: 

(a) operating the electret sound transducer as a microphone, whereby ambient 
sounds are transfoniied by the electret sound transducer into electrical 
signals on the first electrode and the second electrode. 

2 1 . The method of claim 20, wherein the microphone has an open circuit sensitivity 
of about 0.5mV/Pa. 

22. The method of claim 1 0, further including the steps of: 

(a) operating the electret sound transducer as a speaker by applying electrical 
signals through the first electrode and the second electrode so as to induce 
physical motion of the membrane under the influence of the electret layer, 
thereby generating sound waves. 
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23. An electret comprising: 

(a) a support structure; 

(b) an electret layer formed on the support structure by micro-machining 
techniques. 

24. The electret membrane of claim 23, wherein the electret layer is thermally 
annealed to stabilize charge therein, 

25. The electret membrane of claim 23, wherein the electret layer is heated to about 
1 00*^0 for about 3 hours for thermal annealing. 

26. The electret membrane of claim 23, wherein the support structure is formed from 
an electrically insulating or semiconducting glass, ceramic, crystalline, or 
polycrystalline material. 

27. The electret membrane of claim 23, wherein the support structure comprises a 
membrane about 1 f^m thick. 

28. The electret membrane of claim 23, wherein the electret layer comprises a charged 
dielectric film formed on the support structure. 

29. The electret membrane of claim 28, wherein the dielectric film is charged by 
implanting electrons into the dielectric film by means of a thyratron. 

30. The electret membrane of claim 28, wherein the dielectric film is formed fiom one 
of Mylar, FEP, a PTFE fiuoropolymcr. Teflon® AF, a silicone, or Parylene. 

3 1 . The electret membrane of claim 23 , wherein the electret has a saturated charged 
density from about l^KT^ C/m^ to about 8^10"^ C/m^ 
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32. An cleclret sound transducer comprising: 

(a) a membrane support structure; 

(b) a transducer membrane having a first electrode and formed on the 
membrane support structure by micro-machining techniques; 

(c) a transducer back plate having a second electrode and formed by micro- 
machining techniques; 

(d) an electret layer foraied on at least one of the transducer membrane or the 
transducer back plate; 

the transducer membrane being positioned adjacent to the transducer back plate, 
thereby forming the electret sound transducer. 

33. The electret sound transducer of claim 32, wherein the electret layer is thermally 
annealed to stabilize charge therein. 

34. The electret sound transducer of claim 32, wherein the electret layer is heated to 
about 100°C for about 3 hours for thcnmal annealing. 

35. The electret sound transducer of claim 32, wherein the membrane support 
structure is formed from an electrically insulating or semiconducting glass, 
ceramic, crystalline, or polycrystalline material 

36. The electret sound transducer of claim 32, wherein the transducer back plate is 
formed from an electrically insulating or semiconducting glass, ceramic, 
crystalline, or polycrystalline material. 



37. 



The electret sound transducer of claim 32. wherein the transducer membrane is 
about 1 Aon thick. 
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38. The electrct sound transducer of claim 32, wherein the electret layer comprises a 
charged dielectric film formed on the transducer membrane. 

39. The electret sound transducer of claim 38, wherein the dielectric film is charged 
by implanting electrons into the dielectric film by means of a thyratron. 

40. The electret sound transducer of claim 38, wherein the dielectric film is foraied 
from one of Mylar, FEP, a PTFE fluoropolymer. Teflon® AP, a silicone, or 
Parylene. 

41. The electret sound transducer of claim 32, wherein the electret has a saturated 
charged density firom about 2^ 1 Or^ C/m^ to ^out 8x l(r* C/ml 

42. The electret sound transducer of claim 32, wherein the electret sound transducer 
is operated as a microphone whereby ambient sounds are transfomied by the 
electret soimd transducer into electrical signals on the first electrode and the 
second electrode. 

43. The electret sound transducer of claim 42, wherein the microphone has an open 
circuit sensitivity of about 0,5 mV/Pa. 

44. The electret sound transducer of claim 32, wherein the electret sound transducer 
is operated as a speaker by applying electrical signals through the first electrode 
and the second electrode so as to induce physical motion of the membrane under 
the influence of the electret layc thereby generating sotmd waves. 
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